Homeodomains (HDs) play a prominent role in regulating a multitude of biological processes in eukaryotes, ranging from mating type switching in yeast to embryonic patterning in metazoans (Kornberg 1993; Gehring et al. 1994 ). Emblematic of their central role in gene regulation, HDs are broadly represented across eukaryotic species; in humans, they are the second most common family of DNA-binding domains (Vaquerizas et al. 2009 ). Consistent with their abundance, HDs display a diverse array of functions in development and cell-type specification, and they can be subdivided into a number of distinct families based on common sequence features and recognition motifs (Burglin 2011) . Sequence-specific DNA recognition is central to many aspects of the regulatory function of HDs and as a consequence this characteristic has been extensively studied through genetic, biochemical, and structural analyses (Wolberger et al. 1991; Sauer 1994, 1995; Ekker et al. 1994; Gehring et al. 1994; Damante et al. 1996; Fraenkel et al. 1998; Grant et al. 2000; Hovde et al. 2001; Joshi et al. 2007; Rohs et al. 2010; Slattery et al. 2011) . HDs are typically composed of an ;60-amino-acid motif that folds into a three-helix bundle preceded by an N-terminal arm. Sequence-specific recognition is mediated by the third (recognition) helix docking in the major groove and the N-terminal arm docking in the minor groove ( Fig. 1) , where a HD typically specifies a site of 3-8 bp.
Many specificity determinants central to sequence-specific DNA recognition by HDs have been defined. A subset of these determinants function semi-autonomously, such that the transfer of a single residue between HDs can result in a predictable alteration in specificity. This is demonstrated by seminal studies investigating the role of position 50 in the recognition preference of PRD, BCD, and FTZ (Treisman et al. 1989; Percival-Smith et al. 1990; Hanes and Brent 1991) . The critical features determining sequence-specific recognition by the N-terminal arm remain nebulous, and consequently, achieving alterations in specificity typically necessitates the substitution of multiple residues between HDs (Ekker et al. 1994; Damante et al. 1996) .
Recent comprehensive analysis of HD specificity in the mouse and fruit fly (194 and 84, respectively) have somewhat clarified the breadth of DNA sequences HDs recognize in natural systems (Berger et al. 2008; Noyes et al. 2008a ). While these studies used different approaches for determining DNA-binding specificity, they are in general concordant on the core DNA-binding specificity of homologous HDs. Limited sequence diversity is observed in the residues at the critical recognition helix positions within most eukaryotes (Fig. 1) , and there is a corresponding paucity in the diversity of preferred recognition sequences observed for the characterized HD population (Berger et al. 2008; Noyes et al. 2008a ). This focused sequence preference is similar to many other families of DNA-binding domains (Deppmann et al. 2006; Wei et al. 2010; De Masi et al. 2011 ) and could be the result of a general constraint of the domain architecture on its recognition potential. Consistent with this conjecture, previous attempts to select HDs with novel specificity have not succeeded in achieving dramatic alterations in recognition potential (Pomerantz and Sharp 1994; Connolly et al. 1999) . These attempts, however, allowed variation at only a modest number of recognition positions. Thus, it remains possible that HDs can recognize a broader range of DNA sequences than is currently observed.
Here we describe radically reengineering the DNA-binding specificity of the Engrailed homeodomain to clarify the general recognition properties of this family. We systematically selected HD variants from a randomized library against all 64 possible combinations of the target site TAANNN. From these selections, we were able to recover HDs that preferentially recognize 44 of the 64 sites, far more than anticipated based on the characterized set of extant HDs. The majority of these HDs harbor distinct combinations of specificity determinants, many of which appear to be uncommon or absent in extant HDs. These determinants expand our understanding of HD recognition, allowing the creation of more explicit recognition models for this family. The potential for this domain to recognize a broader range of DNA sequences raises questions about the fitness barrier that restricts the evolution of more diverse recognition properties for this family in natural systems.
Results

Selection of HDs with novel DNA-binding specificity
To explore the DNA-recognition potential of HDs, we investigated their ability to specify all possible TAANNN sites by selecting compatible HDs from a randomized library. These selections were performed using our bacterial one-hybrid (B1H) system (Noyes et al. 2008a,b) , where the HD library is expressed as a fusion to two zinc fingers that position the library over the preferred target site (Supplemental Fig. S1 ). The Engrailed (EN) HD was chosen as the library backbone because it is amenable to substitutions that change its DNA-binding specificity (Ades and Sauer 1994; Tucker-Kellogg et al. 1997; Noyes et al. 2008a) .
Recognition of the 39 region (bases 4, 5, and 6) of the HD binding site is mediated by specificity determinants within the recognition helix. To select HD variants with altered sequence recognition preferences, residues 43, 46, 47, 50, and 54 were fully randomized (Fig. 1) . These positions, which all point toward the major groove in the EN-DNA complex, were chosen based on their potential function as primary or secondary recognition determinants within the 39 region of the target site. Direct base-specific contacts have been observed between residues 47 and 54 and base 4, as well as between residue 50 and bases 5 and 6 (Wolberger et al. 1991; Tucker-Kellogg et al. 1997; Fraenkel et al. 1998; Passner et al. 1999; Piper et al. 1999; Grant et al. 2000; Joshi et al. 2007) , where sequence alteration at these positions has a direct influence on specificity (Treisman et al. 1989; Percival-Smith et al. 1990; Hanes and Brent 1991; Damante et al. 1996; Noyes et al. 2008a ). Residues at positions 43 and 46 play a subtler role in recognition (Kissinger et al. 1990; Fraenkel et al. 1998; Mahony et al. 2007; Noyes et al. 2008a) . One additional prominent determinant, position 51, is almost exclusively asparagine within the extant HD population, where it specifies adenine at base 3. This position was held constant in our library, in anticipation that our selected HDs could be used to inform a predictive recognition model for extant HDs.
Selections employing the HD library were performed separately against each of the 64 TAANNN sites to recover interacting HDs. We observed variability in the selection stringency required to cull the population down to 1000-2000 surviving clones for each target site (Supplemental Fig. S2 ). Overall, selections employing the HD library yielded a 20-to 200-fold increase in surviving colonies when compared to a negative control entirely lacking the HD. Sequencing the recovered clones from each target site yielded a catalog of ;4.4 3 10 4 HDs (Supplemental Table S3) and revealed striking amino acid preferences at some randomized positions within populations recovered from different target sites (Supplemental Fig. S3 ). Some of these preferences were anticipated based on prior studies of HD specificity (Wolberger et al. 1991; Ades and Sauer 1994; Passner et al. 1999; Noyes et al. 2008a ), but many appear to represent novel determinants.
Analysis of selected HDs
Prominent HD positions influencing base preference were identified by Mutual Information (MI) analysis on the catalog of selected HDs for each target site (Mahony et al. 2007 ). This analysis identified positions 47, 50, and 54 as strong contributors to 39 specificity, whereas positions 43 and 46 appeared to have little global influence on the 39 site preference (Table 1 ). Significant covariation was observed between residues 47 and 54 and base 4. In addition, a moderate degree of covariation is observed between both of these residue positions and base 5. Moderate covariation is also observed Figure 1 . Structure of the Engrailed HD and distribution of HD recognition residues. (A) Structure of the Engrailed HD-DNA complex (Fraenkel et al. 1998) , which serves as the framework for library construction. The numbers (white) on the HD recognition helix (yellow) indicate amino acid positions (green side chains) that were randomized, where the primary strand of the core 6-bp binding site is highlighted (green) to emphasize the proximity of these residues to the 39 end of the recognition sequence. Asn51 (orange), which is highly conserved within the homeodomain family, is shown for reference. (B ) Frequency logo displaying the diversity of residues (the residues randomized in the HD library are circled in red) at various positions in the N51-containing HDs in the genomes of humans, mice, Danio rerio, Caenorhabditis elegans, Drosophila melanogaster, and Saccharomyces cerevisiae.
between residue 50 and all of the 39 base positions but is most pronounced with base 6. The most significant relationships identified between HD position and binding site position are consistent with previously published structural and biochemical data (Treisman et al. 1989; Percival-Smith et al. 1990; Hanes and Brent 1991; Wolberger et al. 1991; Damante et al. 1996; Noyes et al. 2008a ).
Defining the specificity of selected HDs
In an attempt to distinguish selected HD variants that can preferentially bind to each of the 64 TAANNN sites from those that can merely associate favorably with a target site, we determined the DNA-binding specificity for 151 HD variants (Supplemental Table  S6 ; Supplemental Fig. S4 ). HDs variants were chosen for analysis based on their overlap with the consensus sequence recovered in each selected population or the presence of combinations of recognition residues that were deemed interesting (Supplemental Fig.  S3 and Supplemental Table S3 ). For example, in anticipation of identifying a HD variant that specifies TAACGG, we characterized a clone containing residues R47, E50, and R54 that reflects the predominant consensus sequence recovered for this target site. Preferential DNA-binding specificity for each HD was determined using the B1H system (Noyes et al. 2008a) , where the entire population of hundreds to thousands of recovered binding sites was sequenced to construct a recognition motif (Supplemental Fig. S4 ).
Based on this analysis, we are able to identify HD variants that preferentially bind to or are compatible with 44 out of the 64 target sites (Fig. 2) , which represents a sizeable expansion of the 39 specificities observed in characterized extant HDs (Supplemental Fig. S5 ). Our analysis of specificities further clarifies the significant association of specificity determinants with certain sequence preferences (Supplemental Table S7 ) and validates many novel specificity determinants ( Fig. 3 ; Supplemental Table S8 ). Although this analysis expands the number of primary determinants that can dictate recognition preferences, it is not possible to codify DNA recognition as a set of independent determinants because of the Mutual information analysis indicates strong (bold) and moderate contributors to 39 specificity from residues 47, 50, and 54, indicating they are the primary determinants that influence specificity at base positions 4, 5, and 6. All values within the table are significant with P-value < 0.001.
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Sequence discrimination by HD variants
We determined the affinity and specificity of a subset of HD variants for different binding sites in vitro using electrophoretic mobility shift assays (EMSAs). For this analysis, a subset of seven HDs were chosen that span members with both well-defined and novel specificity determinants (Table 2) . In all cases, the apparent equilibrium dissociation constant of each HD for its cognate site was similar to the affinity of Engrailed for its cognate site (Supplemental Fig. S6 ). Cold competition assays were employed to determine the degree of discrimination of each HD variant between its cognate site and the parent Engrailed binding site (Supplemental Fig. S7 ). The difference in the free energy of binding the cognate and parent site ranged from 0.8-2.2 kcal/mol, where binding the cognate site was always favored ( Table 2 ). The degree of discrimination determined for Engrailed between its preferred site, TAATTA, and TAATCC (22-fold), which served as our internal control, was nearly identical to the difference previously reported by Sauer and colleagues (Ades and Sauer 1994) . The TQRQW HD variant (selected HD variants are identified by the five amino acids selected at the randomized positions) has the greatest discrimination against the Engrailed site, displaying a 40-fold preference, while the TRMAF HD variant displays a modest fourfold preference for its target sequence. Thus, our selected HDs display a consistent preference for their identified cognate site outside the B1H system.
Robust behavior of new specificity determinants
To determine if the newly observed specificity determinants are able to define similar DNA sequence preferences in the context of other HD backbones, we grafted the five key residues, residues 43, 46, 47, 50, and 54, from each of the seven HD variants within the sample set into three other Drosophila melanogaster HD backbones: DFD, SCR, and UBX. These HDs share 53%, 51%, and 46% identity with Engrailed, respectively. We then determined the DNA-binding specificity of all these variants using the B1H system ( Fig. 4 ; Supplemental Fig. S8 ). In almost every instance, the grafted residues altered the DNA-binding specificity of each Hox factor in a predictable manner, in agreement with the previously defined DNA-binding specificity in the Engrailed backbone. In a few instances, such as HLIQY, the introduction of these residues into the Hox backbone slightly altered 59 sequence preference. This alteration may indicate weak indirect effects of these altered determinants on the 59 base preference, potentially through interactions with residues 51 and 55, which can influence 59 specificity.
We also examined the influence of different 59 specificity determinants on the 39 specificity of our selected HDs. Previous New specificity determinants (blue) and previously described specificity determinants (black) for HDs containing the conserved N51 are broken down by position and trends in base preference within the 3 bp at the 39 end of the target site. Note that there are exceptions within our characterized HDs to these specificity preferences, likely reflecting the overlapping influence of these determinants. (Ades and Sauer 1994) .
studies have shown that residues 3 and 55 influence the specificity at base 2, where the presence of K3 and R55 will preferentially recognize G over A (Passner et al. 1999; Piper et al. 1999; Noyes et al. 2008a ). We introduced the mutations R3K and K55R into the Engrailed backbone for three HD variants (STRER, KVYER, and NRVMM) and determined their DNA-binding specificity (Supplemental Fig. S9) . In all cases, we observe a shift in specificity from A to G at position 2 without substantial alteration in base preference at the other recognition positions. The robust behavior of our new specificity determinants suggests that they will serve as useful parameters for the prediction of DNA-binding specificity in extant HDs.
Computational models of the interactions mediating sequence-specific DNA recognition
We utilized the Rosetta molecular modeling package, which has recently undergone significant revision for protein-DNA complexes (Yanover and Bradley 2011) , to predict the base-specific interactions between our sample set of seven HDs and their cognate sites. These structural calculations used a high-resolution Engrailed-DNA co-crystal complex as a starting model (Grant et al. 2000) . In a number of instances, the calculated structural models yielded determinant-base interactions that are consistent with the correlated sequence preferences observed within our data set of selected HDs, allowing the potential roles of these determinants to be inferred ( Fig. 5; Supplemental Fig. S10 ). For example, K47 in the LAKDQ-TAAGGA structural model positions the primary amine of this lysine between the O6 carbonyls of G4 and G5, mimicking the observed interaction of K50 with a pair of guanines on the complementary strand in the Q50K EN-DNA structure (Tucker-Kellogg et al. 1997) .
Improved predictive models of HD specificity
Previous efforts to predict the DNA-binding specificity of HDs based on their amino acid sequence have focused on nearest neighbor estimates of specificity (Noyes et al. 2008a; Alleyne et al. 2009) . We have recently shown that when high-quality alignments of recognition motifs can be obtained, improved recognition models of HD specificity can be achieved using random forest-based methods (Christensen et al. 2012 ). This recognition model, which is trained on the existing data for extant HDs, is a poor predictor of DNA-binding specificity for our selected HDs (MSE = 0.053) (Supplemental Table S9 ). This deficit in predictive accuracy was expected given the increased diversity of recognition residues that are present in our selected HDs (Supplemental Fig.  S11 ). Reassuringly, we found that a new recognition model trained only on the selected HDs performed reasonably well in the prediction of the extant HD set (MSE = 0.025; Supplemental Table S9 ), suggesting that much of the recognition repertoire that is present in the extant set is found in our selected HDs (Supplemental Fig.  S12 ). In a 10-fold cross validation analysis, a joint recognition model between the selected and extant HDs provides excellent accuracy in the prediction of HD specificity within our mutant set (MSE = 0.014; Supplemental Table S9 ).
To facilitate the prediction of HD specificity, we have constructed a website (stormo.wustl.edu/PreMoTF) that incorporates our improved recognition model. Users can enter the amino acid sequence of a protein containing one or more HDs, and the algorithm will extract each HD sequence and generate a predicted recognition motif and representative position frequency matrix (PFM). When tested on mouse HDs, the predicted PFMs were very similar to those obtained by analysis of PBM data using BEEML-PBM (Zhao and Stormo 2011) . By use of this model, we have also populated a page that displays predicted recognition motifs for the majority of the human HDs to facilitate the use of these data in constructing transcription regulatory networks within the human genome (Supplemental Data Set S1).
Discussion
In this study, we performed an unbiased assessment of the breadth of sequences that HDs can specify by selecting variants of Engrailed that would preferentially recognize each of the 64 possible TAANNN binding sites. By use of our selection system, we recovered HDs that preferentially recognized 44 of these sites (Fig. 2) , a dramatic increase in the diversity of described recognition sequences. Many of these new sequence preferences are mediated by novel 39 specificity determinants that are functional when incorporated into independent HD scaffolds ( Fig. 4; Supplemental Figs. S8, S9) .
Consistent with prior studies on HDs, MI analysis demonstrates critical overlapping roles for the residues at positions 47, 50, and 54 for 39 base recognition. The overlap between these determinants may represent either direct or indirect effects, however at the level of individual subsites, one determinant typically dominates base preference at a specific subsite position. For example, while strong covariation is observed between residues 47 and 54, and base 4 (Table 1), K54 is highly preferred for recognition of CYN subsites, whereas the recovered residue at position 47 is more variable. The presence of a positively charged residue at positions 43 or 46 is anti-correlated over the entire data set (Supplemental Table S4 ), suggesting that these residues tune the overall affinity of the HD by adjusting electrostatic interactions with the phosphodiester backbone. These and other positions may also be responsible for more subtle sequence preferences that have been observed in protein binding microarray analysis of HD specificity (Berger et al. 2008 ) that potentially lead to discrimination of TFs between different binding sites of moderate affinity ).
The diverse and potentially independent assortment of specificity determinants within our data set provides a foundation for constructing more accurate predictive models for 39 DNA recognition by HDs. While significant prior effort has been expended on characterizing HD recognition, the functionality of specific determinants at critical recognition positions has remained poorly defined, and as a consequence, past predictive models of HD-DNA recognition have relied on nearest-neighbor type analyses (Noyes et al. 2008a; Alleyne et al. 2009 ). These models perform poorly when trying to predict the specificity of our selected HDs, which likely results from a lack of amino acid diversity at the key determinant positions within their training sets (Fig. 1) . In the context of our improved predictive models, we can predict 39 specificity of a representative set of extant HDs with reasonable accuracy (Supplemental Table  S9 ), and a predictive model combining all of the available data provides superior performance in predicting HD specificity. Thus, selection-based interrogation of HD recognition can inform the construction of predictive models, much as it has for Cys 2 His 2 zinc finger proteins (Benos et al. 2002; Kaplan et al. 2005; Liu and Stormo 2008; Persikov et al. 2009; Persikov and Singh 2011) .
Our ability to select HDs with radically different specificity from characterized extant HDs, where novel sets of specificity determinants are employed, raises questions as to why extant HDs appear to be constrained in their diversity at the key recognition positions? Naively, we expect nature to exploit the full recognition potential of this domain to make a variety of orthogonal regulators for independent function in transcriptional regulatory networks. This characteristic is observed in the largest family of DNA-binding domains, Cys 2 His 2 zinc fingers (Emerson and Thomas 2009) , where comparison of zinc finger proteins across the mouse and human genomes indicates that this family is rapidly evolving within the finger arrays (Myers et al. 2010) . The diversity in zinc finger protein (ZFP) recognition potential is even manifest within the human population, where differences in the fingers present in PRDM9 and their resulting specificity lead to differences in the location of meiotic recombination hotspots in individuals (Baudat et al. 2010) . In this regard, ZFPs appear to be an outlier, as most other well-characterized families of DNA-binding domains-like HDs-display limited diversity in their core recognition motifs and the recognition residues that they employ (Deppmann et al. 2006; Wei et al. 2010; De Masi et al. 2011) . It is possible that the recognition potential of these other families of DNA-binding domains are similarly constrained. For HDs, the source of the selective pressure limiting the employed diversity of recognition residues is unclear, but understanding its origin would provide insight into the fitness barriers that influence the evolution of novel transcriptional regulatory networks in organisms.
In many instances, HDs function as complexes with other DNA-binding domains to exert their gene regulatory function ). This aspect of recognition is critical for the biological function of many of these factors, where complex formation can alter recognition preference of the component HDs. The most thoroughly characterized example of the influence of partner association on recognition is the Hox-Pbx heterodimer, where interactions between residues within and neighboring the N-terminal arm and minor groove features play critical roles in defining sequence preference for this complex ( Joshi et al. 2007; Slattery et al. 2011) . In general, the role of residues within the N-terminal arm in DNA recognition remains poorly defined, although there is evidence that sequence preference may be driven by complementarity to DNA sequence-dependent minor groove width (Rohs et al. 2009; Slattery et al. 2011) . We have demonstrated that some of our selected HDs can tolerate changes that alter 59 sequence recognition, but the degree of crosstalk between the recognition residues in the 59 and 39 segments of the binding site remains poorly defined. A selection-based analysis of the recognition potential of the N-terminal arm could help to clarify the roles of individual positions in minor groove recognition.
Our archive might present an opportunity to employ HDs as components of artificial transcription factors or endonucleases. The area of engineered DNA-binding domains has primarily been the purview of ZFPs (Urnov et al. 2010) ;however, efforts to engineer ZFPs to recognize a wide variety of target sites using public archives have been most successful for guanine-rich binding sites (Ramirez et al. 2008; Zhu et al. 2011a) . HDs provide potential utility in the recognition of A-T-rich sequences and, in the context of zinc finger-HD chimeras (Pomerantz et al. 1995; Rivera et al. 1996) , may have value in expanding the sequences that be efficiently targeted by zinc finger-based artificial nucleases.
Methods
Construction of the HD library
A pB1H2v2-12En (pB1H2v2-12En(SB)) (Noyes et al. 2008a ) construct was created with the following modifications to the original en sequence: Restriction sites SacI and BamHI were installed for use with cassette mutagenesis of the recognition helix through introduction of a synonymous mutation at L38 and a T60G mutation, respectively (Supplemental Table S10 ). The randomized recognition helix was cloned into the SacI and BamHI sites of pB1H2v2-12En(SB) by the direct ligation of the following phosphorylated and annealed three oligonucleotide: EN K55 library, EN Library 5p comp, and EN Library 3p comp (Supplemental Table S10 ). Following transformation into electrocompetent XL1Blue cells, the library was plated on 20 150-mm 2 3 YT plates containing 100 mg/ mL carbenicillin and incubated overnight at 37°C. The recovered library size was 1.3 3 10 8
, where the theoretical library size, 3 3 10 7 , was oversampled three-to fourfold.
Design of the target binding sites for the selection of HDs
The 64 target sites (GGCCGCnnnTTAGCTGGGCGGGACG) for use with the HD Library selections were cloned between the NotI and EcoRI site in pH3U3 (Noyes et al. 2008b ). The bold nnnTTA element is the reverse complement of the 6-bp HD target site TAANNN, where the NNN represents each of the 64 possible 3-bp combinations. The bold TGGGCG element is the Zif12 binding site, which is positioned 10 bp upstream of the À35 box.
Bacterial-one hybrid (B1H) selections with the HD library
Each HD library/TAANNN selection in the B1H system was performed basically as previously described (Noyes et al. 2008b ). For each selection, at least 1 3 10 8 dual transformants (of HD expression vector and binding site reporter vector into the selection strain) were plated on NM media supplemented with 1 mM IPTG and 200 mM uracil. The stringency of each selection was adjusted such that 1000-2000 colonies were recovered (Supplemental Fig.  S2 ). About 24 colonies were initially sequenced to confirm the success of the HD selections. Subsequently, recovered HD library members were identified via Illumina sequencing. Surviving colonies from each selection were pooled and prepared for sequencing as previously described (Gupta et al. 2010) . HD clones were amplified using a forward primer (CAAGCAGAAGACGGCATA CGAGCTCTTCCGATCTATGCTTGCCCTGTCGAGTCC) and reverse primer (CTTAATGCGCCGCTACAGGGC), where the forward primer incorporated the Illumina P2-adapter sequence (bold). Each PCR product was then digested with either BamHI or XbaI for the ligation of barcoded P1 adapters (Supplemental Tables S1, S2 ) prior to Illumina library generation and sequencing.
MI and other statistical data analysis
The catalog of ;44,000 selected HDs identified by Illumina sequencing for the 64 target sites was used to calculate MI between the randomized positions within the HD and base positions 4, 5, and 6 in the DNA target site according to the method previously described (Mahony et al. 2007 ). Significance was determined by calculating the MI for a set of randomly associated selected recognition helices to the 64 target sites performed 1000 times followed by a nonparametric test used to derive a null distribution where a P-value < 0.001 for each MI value was considered significant.
The two-sided Fisher exact test was applied to assess significant association between the positive charge status at position 43 and at position 46 for HDs recovered for each of the 64 binding sites and all binding sites combined. This statistical analysis was also applied to the correlation between the selected specificity determinants and a subset of recognition sequences. The odds ratio and its 95% of confidence interval were computed for each triplet and combined using the fisher_test function based on a conditional maximum likelihood estimation. These statistical analyses were performed using R, a system for statistical computation and graphics (Ihaka and Gentleman 1996) . To adjust for multiple comparisons for the 64 binding sites, P-values were adjusted using the B-H method (Benjamini and Hochberg 1995) , where sites with adjusted P-value < 0.05 were considered significant.
B1H selections of HD variants with the ZF10 library
All HD variants characterized from the HD library selections were sequences that were directly isolated from colonies on the selection plates, from either direct isolation of individual clones or the reconstruction of variants identified by Illumina sequencing through the ligation of phosphorylated and annealed oligonucleotides into pB1H2v2-12En (Supplemental Table S11 ). Each ZF10 library/HD variant selection was performed as previously described (Noyes et al. 2008a ) except that all selections were plated on NM media supplemented with 5 mM 3-AT, 1 mM IPTG, and 200 mM uracil. Recovered ZF10 library members were identified via Illumina sequencing as previously described (Gupta et al. 2010) except that the initial PCR product was digested with either BamHI or NcoI for the ligation of barcoded P1 adaptors (Supplemental Tables S1, S5 ). Overrepresented sequence motifs were identified using MEME (Bailey and Elkan 1994) from the top 1000 most frequently occurring unique sequences within the Illumina data set except for the grafted HDs, where the top 500 most frequently occurring unique sequences were used. Additional sequences were included in cases where they had the same number of reads as the 1000th (or 500th) sequence in the set. The input parameters used for MEME were zero or one motif per sequence (zoops), four bases as the width minimum, and 10 bases as the width maximum, while all other parameters retained the program default settings. Recognition motifs for each HD were then constructed as previously described (Zhu et al. 2011a ) by weighting the number of reads for each sequence that comprise the most significant motif identified by MEME, where the number of sequences input for motif discovery and incorporated into each motif is reported in Supplemental Table 6 Expression and purification of proteins Each HD variant was expressed in Rosetta2(DE3)pLysS cells as C-terminal fusions to a purification tag sequence consisting of a His-6 tag, maltose binding protein (MBP), and Tev protease cleavage site. Cells were lysed by sonication. Protein was purified from the lysates using Amylose Resin (New England Biolabs) and then was eluted from the amylose resin in binding buffer without BSA and IGEPAL CA-630 (25 mM NaCl, 10 mM Tris-HCl at pH 7.5, 0.1 mM EDTA, 1 mM DTT, and 5% glycerol) supplemented with 40 mM maltose. Protein concentrations were determined by absorbance at 280 nm. Single use aliquots of protein were stored at À80 prior to use.
Preparation of binding sites for EMSAs
Duplex binding sites were prepared by annealing the top oligonucleotide (GGGCAGNNNNNNGGACG) and bottom oligonucleotide (GGCGTCCNNNNNNCTGC) (Invitrogen) for a given binding site in annealing buffer (10 mM Tris-HCl, 50 mM NaCl, and 1 mM EDTA) to the final concentration of 40 mM dsDNA, where the N 6 represents the 6-bp binding site used in a given EMSA. Initial single-stranded oligonucleotide concentrations were determined by absorbance at 260 nm. For detection, annealed oligonucleotides were radiolabeled with alpha-32 P dCTP and Klenow (exo-) (New England Biolabs) followed by a MicroSpin G-25 column (GE Healthcare) purification.
Determination of apparent dissociation constant via EMSAs
Varying concentrations of a given purified HD variant were equilibrated with 40 pM of labeled oligonucleotide in binding buffer (25 mM NaCl, 10 mM Tris-HCl at pH 7.5, 0.1 mM EDTA, 1 mM DTT, 5% glycerol, 0.1 mg/mL BSA, and 0.1% IGEPAL CA-630) at room temperature for 4 h. Samples were loaded onto a 5% polyacrylamide gel without loading dye in 0.53 TBE buffer while running at 300 V at 4°C. Gels were run for 40 min following loading. Gels were dried and then exposed on phosphoimaging plates for 8-72 h. Plates were imaged using a Typhoon FLA 9000, and quantified using ImageGauge V4.22. The apparent equilibrium dissociation constants (K d,app ) were determined using the modified Hill equation:
where Y is the fraction of bound DNA as determined by the ratio of the bound DNA band to the total (free + bound) bands, m is a normalization factor that represents Y max, [P] t is the total protein concentration, and h is the Hill coefficient.
Determination of apparent dissociation constant via competition binding assays
Competition assays were performed under the conditions described for the determination of apparent dissociation constant via EMSA except that varying concentrations of an unlabeledannealed oligonucleotide were added to a subsaturating (70%-90%) amount of a given purified HD variant and 40 pM of labeled oligonucleotide prior to equilibration. The concentration of DNA that disrupts 50% of the bound labeled complex (IC 50 ) was determined using a simplified sigmoidal dose-response curve (Ryder et al. 2008 ):
where Y is the fraction of bound DNA, C is the concentration of unlabeled competitor, and h is the Hill coefficient. The IC 50 is then converted into the apparent equilibrium dissociation constant for the competitor (K c,app ) using the Lin and Riggs equation (Lin and Riggs 1972) :
where P is the purified HD variant concentration, R is the concentration of the labeled oligonucleotide, and K d,app is the apparent equilibrium dissociation constant of the HD for the labeled oligonucleotide as measured by EMSA.
Computational modeling of HD-DNA complexes
Modeling of mutant HD structures was performed with RosettaDNA, using the recently described flexible DNA protocol and scoring function (RosettaDNA executable and accompanying parameter sets kindly provided by Philip Bradley at the Fred Hutchinson Cancer Research Center, Seattle, Washington) (Yanover and Bradley 2011) . Starting with the structure of the DNA-bound Engrailed Q50A HD (Grant et al. 2000) , 20 models were generated by RosettaDNA for each DNA-bound mutant HD. Each model was minimized with flexible DNA backbone and bases, and side-chain packing was performed for residues adjacent to the DNA major groove (residues 31, 43-44, 46-51, 53-55, 57-58 in the crystal structure). Extended side-chain rotamer sets were used for buried residues having 15 neighbors within 10 Å (''-ex1 -ex2 -ex1aro::level 6 -extrachi_cutoff 15''), while extra DNA rotamers were used to sample base flexibility (''-exdna::level 2''). DNA backbone flexibility was specified for the 6-bp DNA target site plus 2 bp flanking each side of the site. For each mutant, the 20 models from RosettaDNA were rescored using DDNA, a knowledge-based energy potential developed to predict protein/DNA structures and binding affinities (Zhao et al. 2010) , and the top DDNA score was used to select a structural model reflecting the anticipated interactions at the HD-DNA interface.
RF predictive modeling
Protein and PFM alignments and relative scaling of the PFMs used as inputs for the construction of a RF model were performed as previously described (Christensen et al. 2012) . RF regression was performed as described using the previously identified determinant positions (3, 6, 19, 47, 50, 54, and 55) identified from the adjusted MI assessment of the 264 characterized extant HDs described in our previous study (Christensen et al. 2012) . Models to test the utility of the extant HD specificity data from 246 mouse and fruit fly HDs (Berger et al. 2008; Noyes et al. 2008a,b; Zhu et al. 2011b ) and the selected HDs in this study were trained as noted in Supplemental Table S9 , where the evaluation incorporated 10-fold cross validation when the training set and prediction set overlapped. The reported mean squared error (MSE) values reflect the MSE per motif parameter in the predicted motif (Christensen et al. 2012 ).
